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,QWURGXFWLRQ
6XSHUKHDWHUVDQGUHKHDWHUVDUHFULWLFDOFRPSRQHQWVLQKHDWH[FKDQJHUDSSOLFDWLRQZKLFKDUHZLGHO\XVHGLQSRZHU
SODQW,WLVQRWHGWKDWUHKHDWVWHDPSLSHVDUHYXOQHUDEOHWRVHYHUDOSDUWLFXODUW\SHVRIIDLOXUHLQFOXGLQJFUHHSIDLOXUH
GLVWRUWLRQ DQG PHFKDQLFDO±HQYLURQPHQWDO LQGXFHG IDLOXUH >@ 3UHYLRXV ZRUN KDV GHPRQVWUDWHG WKDW SUHPDWXUH
IDLOXUHRIPDLQVWHDPOLQHDQGUHKHDWVWHDPOLQHPD\EHWKHPDMRUIDFWRUUHVSRQVLEOHIRUWKHIRUFHGRXWDJHVRISRZHU
SODQWERLOHUV>@,QRUGHUWRPDNHWKHPRVWXVHRIWKHFRPSRQHQWVZLWKYDULRXVNLQGVRIIODZVLW LVVLJQLILFDQWWR
HYDOXDWHWKHUHPDLQLQJOLIHRIWKRVHIODZHGFRPSRQHQWVWRDFKLHYHWKHPD[LPDOHFRQRPLFEHQHILWDQGWRDYRLGWKH
ULVNRIVHULRXVFRQVHTXHQFHVDVZHOO
1RPHQFODWXUH
a FUDFNGHSWK  PP
A SDUDPHWHUGHILQLQJFUHHSFUDFNSURSDJDWLRQUDWH 
ca
x
 FUHHSFUDFNJURZWKUDWH PPK
B˃ PDWHULDOFRQVWDQWLQGHWHUPLQLQJFUHHSWRXJKQHVV 
c KDOIOHQJWKRIWKHFUDFN PP
C   SDUDPHWHUGHILQLQJFUHHSFUDFNSURSDJDWLRQUDWH 1  PP K 
Dc FUHHSGDPDJH 
E PRGXOXVRIHODVWLFLW\ 03D
J  FKDUDFWHUL]LQJSDUDPHWHUIRUHODVWLFSODVWLFIUDFWXUH 
KI HODVWLFVWUHVVLQWHQVLW\IDFWRU 03D PP 
Kp HODVWLFVWUHVVLQWHQVLW\IDFWRUIURPSULPDU\VWUHVV 03D PP 
K(p+s)  HODVWLFVWUHVVLQWHQVLW\IDFWRUIURPSULPDU\DQGVHFRQGDU\VWUHVV 03D PP 
Kmat IUDFWXUHWRXJKQHVV 03D PP 
t
matK  FUHHSWRXJKQHVV 03D PP 
Kr IUDFWXUHUDWLRRIDSSOLHGHODVWLFKYDOXHWRKmat 
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totalİ   WRWDOVWUDLQ  
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$QXPEHURI LQYHVWLJDWLRQV LQ VRPH OLWHUDWXUHVKDYHFRQFHQWUDWHGRQ WKH OLIHSUHGLFWLRQDQGGHIHFWDVVHVVPHQW
)RU LQVWDQFH 6 &UDYHUR >@ DVVHVVHG WKH FDSDELOLW\ RI IDLOXUH DVVHVVPHQW GLDJUDP )$' DSSURDFK LQ LQWHJULW\
DQDO\VHV RI KLJK SUHVVXUH SLSHOLQHV ZLWK YDU\LQJ FUDFN FRQILJXUDWLRQV DQG DGGUHVVHG WKH HIIHFWLYHQHVV RI
FRQVWUDLQWEDVHG)$'VWRSUHGLFWEXUVWSUHVVXUHRIORZFRQVWUDLQWFUDFNHGSLSHOLQHV$QDO\VLVIRUUHVLGXDOVWUHQJWK
SUHGLFWLRQ RI WZR ODVHU EHDP ZHOGHG VXSHUDOOR\V EDVHG RQ 2SWLRQ  RI WKH )UDFWXUH 0RGXOH DULVLQJ IURP
ILWQHVVIRUVHUYLFHSURFHGXUH),71(7KDVEHHQSUHVHQWHG>@5HFHQWO\HYDOXDWLRQRIFULWLFDOIODZVL]HVIRUDVXEVHD
IORZOLQHFODGSLSHKDYLQJDQXQGHUPDWFKHGJLUWKZHOGKDVEHHQDGGUHVVHGLQUHIHUHQFH>@)RUHOHYDWHGWHPSHUDWXUH
DSSOLFDWLRQ WKHHIIHFWRIFUDFNVL]HDQGORFDWLRQZLWKLQWKHEXWWZHOGVRQWKHUHPDLQLQJOLIHRIKLJKSUHVVXUHSLSH
RSHUDWLQJ LQ FUHHS UHJLPH KDV EHHQ VWXGLHG LQ UHIHUHQFH >@ %\ XVLQJ WKH SUREDELOLVWLF 0RQWH &DUOR PHWKRG
LPSOHPHQWHGLQWKH$/,$6+,'$VRIWZDUHQXPHULFDOFDOFXODWLRQVRIFUHHSFUDFNJURZWKDQDO\VLVZKLFKLVFHQWUDO
WRDVVHVVWKHUHVLGXDOOLIHKDYHEHHQFRQGXFWHG>@+RZHYHUWKHGHIHFWDVVHVVPHQWIRUYXOQHUDEOHHOERZVRSHUDWLQJ
DWKLJKWHPSHUDWXUHKDVEHHQUDUHO\UHSRUWHGLQWKHRSHQOLWHUDWXUH
,Q WKH SUHVHQW ZRUN D 3 UHKHDW HOERZ VXEMHFWHG WR LQWHUQDO SUHVVXUH RI 03D DW & IRU K LQ
VHUYLFH LV LQYHVWLJDWHG WRGHPRQVWUDWHZKHWKHU DQGKRZ ORQJ LWFDQEHXVHGDIWHU D FUDFNZDVGLVFRYHUHG(ODVWLF
VWUHVVHVGLVWULEXWLRQRI WKHHOERZZLWKRXWFUDFNDQGVWUHVV LQWHQVLW\IDFWRUVDORQJWKHFUDFNIURQWDUHFDOFXODWHGE\
XVLQJ WKH ILQLWH HOHPHQW PHWKRG LQ 6HFWLRQ  7KHQ WKH 6,) UHVXOWV DUH FRPSDUHG DQG YHULILHG ZLWK WKH UHVXOWV
REWDLQHGIURPHTXDWLRQV%DVHGRQWKRVHGDWDDQGWKHPDWHULDOSURSHUWLHVHVWDEOLVKHGLQ6HFWLRQWKHVDIHW\RIWKH
FUDFNHGHOERZ LQ VHUYLFH LV DVVHVVHG WKURXJK WKHPHWKRGSURYLGHG LQ$QQH[7DQG$QQH[8RI%6 LQ
6HFWLRQ/DWHU D VLPSOLILHGDVVHVVPHQWEDVHGRQ WKHFRQFHSWRI7')$'LVFRQGXFWHG LQ6HFWLRQRQHFHQWUDO
IHDWXUH RIZKLFK LV WKH GHILQLWLRQ RI DSSURSULDWH FUHHS WRXJKQHVV )LQDOO\ WKH GLIIHUHQFH EHWZHHQ WKH DVVHVVPHQW
UHVXOWVREWDLQHGIURPWKHWZRPHWKRGVLVDQDO\VHG


)LJ,OOXVWUDWLRQRIWKHFUDFNHGHOERZDDFWXDOFRQILJXUDWLRQRIWKHFUDFNLQWKHHOERZEHOERZZLWKDORQJLWXGLQDOSDUWWKURXJKZDOO
VHPLHOOLSWLFDOH[WHUQDOFUDFN
%DFNJURXQGLQIRUPDWLRQ
7KHZRUNLQJPHGLXPRI WKHHOERZ LV UHKHDW VWHDPRSHUDWLQJDW&XQGHU03D7KHHOERZ LVPDGHRI
6$3ZLWKUDGLXVRIFXUYDWXUHRIPPRXWVLGHGLDPHWHURIPPDQGZDOOWKLFNQHVVRIPP$FUDFN
VKRZQLQ)LJDZDVGLVFRYHUHGGXULQJWKHRYHUKDXOLQ0DUFKDIWHUWKHHOERZEHLQJRSHUDWHGRYHUVHYHQ\HDUV
VLQFH-DQXDU\7KHGHSWKDQGOHQJWKRIWKHFUDFNDUHPPDQGPPUHVSHFWLYHO\7KHFUDFNLVORFDWHGLQWKH
SDUHQWPDWHULDO ZKLFK LV IDU DZD\ IURP DQ\ZHOG 7KHUHIRUH LW LV XQQHFHVVDU\ WR WDNH VSHFLDO FRQVLGHUDWLRQ IRU
ZHOGV (YLGHQFHV RI VWUHVV FRUURVLRQ FUDFNLQJ RU HQYLURQPHQWDOO\ DVVLVWHG FUDFNLQJ RQ WKH FRPSRQHQW ZHUH QRW
GLVFRYHUHGZKLFKLQGLFDWHVWKDWWKHDSSURDFKRI%6>@LVDSSOLFDEOH
7KHUHLVQRVWUHVVFRQFHQWUDWLRQFDXVHGE\GLVFRQWLQXLW\RUUHVLGXDOVWUHVVH[LVWLQJLQWKHQHLJKERXUKRRGRI WKH
IODZ7UDQVLHQW WKHUPDOVWUHVVZKLFKRQO\H[LVWVGXULQJVWDUWXSZLOOEHUHOD[HGZKHQWKHFRPSRQHQW LVH[SRVHG WR
KLJK WHPSHUDWXUH IRU D ORQJ WLPH 7KXV WKH WKHUPDO VWUHVVZLOO QRW EH FRQVLGHUHG LQ WKH DVVHVVPHQW ,Q RUGHU WR
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DFKLHYHWKHPD[LPXPHFRQRPLFEHQHILWWKHTXHVWLRQZKHWKHUWKHHOERZFDQEHIXUWKHUXVHGVDIHO\WLOO0DUFK
WHQ\HDUVDIWHUWKHFUDFNZDVGLVFRYHUHGXQGHUWKHVDPHRSHUDWLQJUHJLPHQHHGVWREHDQVZHUHG 
6WUXFWXUDODQDO\VLVRIWKHHOERZZLWKDQGZLWKRXWWKHFUDFN
3.1. Basic stress analysis 
7KHUHOHYDQWVWUHVVHVWREHXVHGLQWKHDVVHVVPHQWVKRXOGEHWKRVHZRXOGH[LVWLQWKHQHLJKERXUKRRGRIWKHIODZLI
WKHERG\ZHUHXQFUDFNHG7KH)(0E\$%$486>@LVXVHGWRFDOFXODWHWKHSULPDU\VWUHVVHVVHSDUDWHGIURP
WKHWRWDOVWUHVVHV(ODVWLFILQLWHHOHPHQWPRGHO)LJZLWKWKHHOHPHQWRI&'5LVXVHGWRFDOFXODWHWKHVWUHVVHV
7KHPRGXOXV RI HODVWLFLW\E DW & LV î03D >@7KH ORDG DQG ERXQGDU\ FRQGLWLRQV RI WKHPRGHO DUH
VKRZQLQ)LJLQZKLFKPLVWKHLQWHUQDOSUHVVXUHRI03DDQGPLVWKHHIIHFWRILQWHUQDOSUHVVXUHRQWKHHQG
IDFHZKLFKLVGHFLGHGDV03D
)LJXUHVKRZVWKHPD[SULQFLSDOVWUHVVHVWKHKRRSVWUHVVDORQJWKHWKLFNQHVVRIWKHZDOODQGGHPRQVWUDWHVWKDW
 03Dı    03Dı  $VVSHFLILHGLQUHIHUHQFH>@WKHDFWXDOVWUHVVHVGLVWULEXWLRQDORQJWKHWKLFNQHVV
RI ZDOO LV OLQHDUL]HG WR REWDLQ WKH SULPDU\ PHPEUDQH PP DQG EHQGLQJ PE VWUHVVHV DV 03D DQG 03D
UHVSHFWLYHO\


)LJ7KUHHGLPHQVLRQDO)(PRGHOIRUKDOIRIWKHHOERZZLWKRXWFUDFN

)LJ%RXQGDU\FRQGLWLRQVRIWKH)(PRGHO
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 )LJ0D[SULQFLSDOVWUHVVHVDORQJWKHWKLFNQHVVRIWKHZDOO )LJ0HVKIRUKDOIRIWKHFUDFNHGHOERZDQGFUDFNWLS
3.2. Stress intensify factors (SIF) along the crack front 
7KHGLUHFWLRQRIWKHFUDFNLVVHWDVDOLJQHGWRWKHSODQHRIWKHPD[SULQFLSDOVWUHVV)LJEZKLFKLVFRQVHUYDWLYH
WR WKH DVVHVVPHQW 6WUHVV LQWHQVLW\ IDFWRUV ǿK DUH FDOFXODWHG E\ $%$486ZLWK WKH VXUIDFH VHPLHOOLSWLFDO FUDFN
JHQHUDWHGE\=(1&5$&.>@DVWKHPDVKRIFUDFNIDFHVKRZQLQ )LJ7KHORDGDQGERXQGDU\FRQGLWLRQVDUHWKH
VDPHVHH)LJ5HVXOWVRI)(DORQJWKHFUDFNIURQWDUHFRPSDUHGZLWK5DMX1HZPDQVROXWLRQVZKLFKDUHVKRZQ
LQ)LJ7KHVWUHVV LQWHQVLW\ IDFWRUHTXDWLRQV >@DUHSUHVHQWHGIRUVHPLHOOLSWLFDOVXUIDFHFUDFNV LQILQLWHSODWHV
VXEMHFWHG WR UHPRWH WHQVLRQ DQGEHQGLQJ ORDGV7KH ǿK GHULYHG IURP)( DQDO\VLV LVPRUH FRQVHUYDWLYH WKDQ WKDW
IURP5DMX1HZPDQVROXWLRQVZLWKDGLVFUHSDQF\RIDWWKHVXUIDFHSRLQWZKLFKPD\GXHWRWKHDVVXPSWLRQ
RISODQHVWUDLQFRQGLWLRQVLQWKHSUHVHQW)(PHWKRG>@7KHUHVXOWVE\)(DUHDFFHSWDEOHEHFDXVHWKHUHVXOWDWWKH
GHHSHVWSRLQWLVFORVH WRWKHFRUUHVSRQGLQJ5DMXDQG1HZPDQ¶VUHVXOWZLWKDGLVFUHSDQF\RI
)LJ&RPSDULVRQRIWKH6,)VEHWZHHQ)(VROXWLRQVDQG5DMX1HZPDQVROXWLRQV
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0DWHULDOSURSHUWLHV
)RUWKHPDWHULDO6$3ORZHUERXQGDQGDYHUDJHWHQVLOHSURSHUWLHVLQFOXGLQJ\LHOGLQJVWUHQJWKDQGXOWLPDWH
WHQVLOHVWUHQJWKFUHHSVWUDLQYHUVXVWLPHFXUYHVVWUHVVWRUXSWXUHYHUVXVWLPHWRUXSWXUHFXUYHVDUHDOODYDLODEOHLQ
UHIHUHQFH>@7KHIUDFWXUHWRXJKQHVVLQUHIHUHQFH>@DW&LVVHOHFWHGWRREWDLQFRQVHUYDWLYHUHVXOWV7KHFUHHS
FUDFNSURSDJDWLRQUDWHRIWKHPDWHULDO0RG&UVWHHODW&LQUHIHUHQFH>@DUHXVHGDVDSSUR[LPDWLRQWRGHVFULEH
WKDWRIWKH0RG&U0RVWHHODW&
7DEOH7HQVLOHDQGIUDFWXUHPHFKDQLFVSURSHUWLHVRI6$3>@
<LHOGVWUHQJWK <ı 03D 7HQVLOHVWUHQJWK Xı 03D )UDFWXUHWRXJKQHVVKPDW 03D PP 
0LQLPXP $YHUDJH 0LQLPXP $YHUDJH 
    

7KHPRGXOXVRIHODVWLFLW\ELVJLYHQDVDIXQFWLRQRIWHPSHUDWXUH ș DV
    E ș ș   u                                                        
7KLVIRUPXODLVYDOLGIRU  & &  șd dq q  
&UHHSVWUDLQYHUVXVWLPHUHODWLRQVKLSDW&LV
   cİ t ı
 u         
7KH VWUDLQ KDUGHQLQJ SURFHGXUH VKRXOG EH XVHG WR GULYH WKH LQFUHPHQWDO FUHHS VWUDLQ 7KLV PHDQV WKDW WKH
LQFUHPHQWLQFUHHSVWUDLQLVUHDGRIIIURPWKHFUHHSVWUDLQYHUVXVWLPHFXUYHVZKHUHWKHVWUDLQHTXDOVWKHDFFXPXODWHG
VWUDLQWRGDWH
&UHHSFUDFNSURSDJDWLRQUDWHLVGHVFULEHGDV
   ca C u    
ZKHUHLQWKLVIRUPXOD
 ǻ  
ǻ
P
c
ref
ref
İ KC ı
t ı
   
,Q WKLV IRUPXOD ǻ cİ LV WKH JURZWK RI FUHHS VWUDLQ LQ WKH FRUUHVSRQGLQJ WLPH EORFN ǻt 
PK LV VWUHVV LQWHQVLW\
IDFWRUIURPSULPDU\VWUHVVHV
,W VKRXOG EH QRWHG WKDW RQO\ ZKHQ WKH PDWHULDO VXIIHUV EXON FUHHS GDPDJH WKDW LV WR VD\ WKH FUHHS GDPDJH
cD t  DOORZDQFHVKRXOGEHPDGHIRU UHGXFWLRQ LQ IUDFWXUH WRXJKQHVVDQG LQFUHDVH LQFUHHSFUDFNSURSDJDWLRQ
UDWH
$VVHVVPHQWSURFHGXUHRIIODZVXQGHUFUHHSFRQGLWLRQEDVHGRQ$QQH[8RI%6
7KHIDLOXUHPHFKDQLVPVRIQHWVHFWLRQUXSWXUHFUDFNJURZWKDQGLQWHUPHGLDWHFRPELQDWLRQRIWKHWZRSURFHVVHV
DUH LQFRUSRUDWHG LQ WKH SURFHGXUH >@ 7KH DSSURDFK XVHV WKH FRQFHSWV RI OLPLW ORDG DQDO\VLVPHWKRG FRQWLQXXP
GDPDJH PHFKDQLFV DQG IUDFWXUH PHFKDQLFV 7KUHH OHYHOV RI IUDFWXUH DVVHVVPHQW DUH DYDLODEOH DPRQJ ZKLFK WKH
FKRLFHGHSHQGVRQWKHFULWLFDOLW\RIWKHSUREOHPPDWHULDOVSURSHUWLHVGDWDDYDLODEOHDQGWKHFRQVHUYDWLVPUHTXLUHG
,QWKHDVVHVVPHQWRIOHYHOWKHQRUPDODVVHVVPHQWURXWHLVDSSOLHGWRGHFLGHZKHWKHUWKHIODZLVLQQRFXRXVDQGZLOO
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QRW DIIHFW WKH LQWHJULW\ RI WKH FRPSRQHQW ZKHWKHU WKH UHPHGLDO DFWLRQ FDQ EH GHIHUUHG LQ WKH IXWXUH RU QHHGHG
LPPHGLDWHO\7KHDVVHVVPHQWSURFHGXUHLVSUHVHQWHGDVWKHIROORZLQJVWHSV 
5.1. Check the margin against fast fracture by failure assessment diagram (FAD)  
)LUVWWKHSDUDPHWHUV KUDQGLUDUHQHHGHGWREHFDOFXODWHGIURPWKHIROORZLQJHTXDWLRQV
 p s
r
mat
KK ȡ
K

    
ref
r
Y
ı
L
ı
    
6LQFHWKHUHLVQRFRQWULEXWLRQIURPVHFRQGDU\VWUHVVHVWR  p sK  WKHQ  p sK   LVHTXDOWR
pK  DQGWKHSODVWLFLW\
FRUUHFWLRQIDFWRU ȡ  LV 
%DVHGRQ WKH GLPHQVLRQV RI WKH FUDFN DQG HOERZ WKH UHIHUHQFH VWUHVV refı  LV GHWHUPLQHG E\ WKH HTXDWLRQV LQ
UHIHUHQFH >@ DV 03D )UDFWXUH WRXJKQHVVKmat LV 03D PP  DQG ORZHU ERXQG \LHOGLQJ VWUHQJWK Yı  LV
03D:LWKWKHIUDFWXUHWRXJKQHVVKmat DQGWKHORZHUERXQG\LHOGLQJVWUHQJWK Yı  OLVWHGLQ7DEOHDVZHOODV
IK  GHULYHGIURP)(0WKHSDUDPHWHUVKr  DQGLr  DUHVKRZQLQ7DEOH
7DEOH'DWDRI0DUFKDQG$SULOIRU)$'Ǆ
  Kp 03D PP  Kr Lr 
0DUFK $WVXUIDFH   
'HHSHVWSRLQW   
$SULO $WVXUIDFH   
 'HHSHVWSRLQW   

7KHHTXDWLRQVGHVFULELQJWKHDVVHVVPHQWOLQHDUHWKHIROORZLQJ 
DIRU PD[r rL Ld 
    > H[S  @r r rK L L  u                                                    
EIRU PD[r rL L! 
rK     
7KHFXWRII LV WRSUHYHQW ORFDOL]HGSODVWLFFROODSVHZKLFK LV VHWDW WKHSRLQWDWZKLFK PD[ r rL L ZKHUH PD[rL 
FDQEHGHILQHGDV
PD[ 
Y u
r
Y
ı ıL
ı
     
0HDQUDWKHUWKDQPLQLPXPWHQVLOHSURSHUWLHVVKRXOGEHXVHGWRGHILQHWKHFXWRII
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
)LJ0DUJLQDJDLQVWIDVWIUDFWXUHRI$SULODQG$SULOGHPRQVWUDWHGE\)$'
:KHQSORWWLQJWKHWZRDVVHVVPHQWSRLQWVRQWKHIDLOXUHDVVHVVPHQWGLDJUDPLQ)LJWKHDVVHVVPHQWSRLQWVOLH
ZHOO ZLWKLQ WKH DUHD ERXQGHG E\ WKH D[HV DQG WKH DVVHVVPHQW OLQH 7KLV LQGLFDWHV WKDW WKHUH LV DGHTXDWHPDUJLQ
DJDLQVWIDVWIUDFWXUH
5.2. Check the margin against creep rupture 
%DVHG RQ WKH UHIHUHQFH VWUHVV refı  RI 03D DQG RSHUDWLQJ WHPSHUDWXUH RI & WKH FUHHS UXSWXUH OLIH
 R reft  LVGHWHUPLQHGDV
  hu WKURXJKLQWHUSRODWLRQ>@,QRUGHUWRPDNHLWFRQYHQLHQWWRFDOFXODWHWKHFUHHS
GDPDJHDWWKHUHPQDQWOLJDPHQWZHVHWHYHU\PRQWKDVGD\V$VLWLVFRQVHUYDWLYHWRDVVXPHWKDWWKHFUDFNKDV
DOZD\VH[LVWHGVLQFHWKHHOERZZDVSXWLQVHUYLFHWKHRSHUDWLQJWLPH ǻt  ZDVIURPWKHEHJLQQLQJRI-DQXDU\
WR0DUFKWKDWLVK7KHFUHHSGDPDJHLVGHWHUPLQHGE\WKHIROORZLQJHTXDWLRQ
 
ǻ c
R ref
tD
t
     
6LQFH WKH FUHHS GDPDJH cD  LVPXFK VPDOOHU WKDQ  WKHUH LV DPSOHPDUJLQ DJDLQVW FUHHS UXSWXUH VRZH FDQ
SURFHHGWRFDOFXODWHWKHFUHHSFUDFNJURZWKLQWKHQH[WVWHS
5.3. Calculate the creep crack extension of March 2014 
%\ XVLQJ UHOHYDQW HTXDWLRQV LQ UHIHUHQFH >@ refı  LV GHILQHG DV 03D EDVHG RQ WKH RULJLQDO FUDFN
GLPHQVLRQV&UHHSVWUDLQJURZWKLQWKLVPRQWKLVWKHGLIIHUHQFHRIFUHHSVWUDLQEHWZHHQWKHHQGDQGVWDUWRI0DUFK

ǻ  cİ
 u 
&DOFXODWH WKH FUHHS FUDFN SURSDJDWLRQ UDWH SDUDPHWHU C EDVHG RQ (T  ZLWK ǻ Kt  
03D PPpK  DWWKHVXUIDFHSRLQWDQG 03D PPpK  DWWKHGHHSHVWSRLQW
   1  PP KC  u  DWWKHVXUIDFHSRLQWDQG 
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   1  PP KC  u  DWWKHGHHSHVWSRLQW 
'HWHUPLQHWKHFUHHSFUDFNSURSDJDWLRQUDWHDQGLQFUHPHQWEDVHGRQ(T
$WWKHVXUIDFHSRLQW
  PP Kca
 u 
ǻ    PPcc a
   u 
&UDFNOHQJWKDWWKHHQGRI0DUFK
 ǻ PPc c    
$WWKHGHHSHVWSRLQW
  PP  Kca
 u 
ǻ    PPca a
   u 
&UDFNGHSWKDWWKHHQGRI0DUFK
 ǻ PPa a   
7KLVPDJQLWXGHRIFUDFNSURSDJDWLRQDPRQJRQHPRQWKLVVRVPDOOWKDWLWLVXQQHFHVVDU\WRGLYLGHWKHWLPHEORFN
LQWROHVVWKDQRQHPRQWK

7DEOH'DWDDWWKHEHJLQQLQJRIHYHU\PRQWKIRUWKHWZRSRLQWVRIWKHFUDFNGXULQJ0DUFKDQG0D\
0RQWK <HDU Kp 03D PP   refı 03D Dc cİ u 
ǻ a u PP
  'HHSHVW 6XUIDFH  'HHSHVW 6XUIDFH
0DUFK        
$SULO        
0D\        
7DEOH6RPHGDWDIRUWKHWZRSRLQWVRIWKHFUDFNGXULQJ$XJXVWDQG$SULO
0RQWK <HDU Kp 03D PP  refı 03D Dc cİ u 
ǻ a u PP
  'HHSHVW 6XUIDFH

 'HHSHVW 6XUIDFH
$XJXVW        
$SULO        
$SULO        
$SULO        
$SULO        
$SULO        
1380   Y.X. Li et al. /  Procedia Engineering  130 ( 2015 )  1371 – 1384 
5.4. Continue the calculation of the successive month 
)RUHDFK WLPHEORFNRIRQHPRQWKQHZDPRXQWVRIFUHHSGDPDJHJURZWK ǻ cD  DQGFUHHSVWUDLQJURZWK ǻ cİ 
DUHGHWHUPLQHGIURPWKHXSGDWHGHVWLPDWHRI refı  EDVHGRQWKHQHZGLPHQVLRQVRIWKHFUDFN1RZWKHVWHSVIURP
 WRDUH UHSHDWHG IRU$SULO DQG0D\RI DQG WKH UHVXOWV DUHJLYHQ LQ7DEOH ,W FDQEH IRXQG WKDW WKH
YDULDWLRQV RI WKHPDJQLWXGHRI VWUHVV LQWHQVLW\ IDFWRUV DQG FUHHS FUDFNJURZWK UDWHV DUH YHU\ VPDOO 7KHUHIRUH LQ
RUGHUWRFRPSOHWHWKHDVVHVVPHQWLQIHZHUVWHSVZLWKRXWREYLRXVHUURUZHVHWWKHWLPHVWHSDVPRQWKVUDWKHUWKDQ
PRQWKZKLFKLVPRUHFRQVHUYDWLYHSURYLGHGWKDWWKHFUHHSFUDFNJURZWKUDWHGHFUHDVHVRYHUWLPHDVOLVWHGLQ7DEOH
1RZWKHVWHSVIURPWRDUHUHSHDWHGIRU WKHIXWXUHWHQ\HDUVZLWKWKHWLPHEORFNRIPRQWKV6RPHRI WKH
UHVXOWVDUHVKRZQLQ7DEOH7KHDPRXQWVRIFUHHSFUDFNSURSDJDWLRQDWWKHVXUIDFHDQGGHHSHVWSRLQWVDUHVKRZQLQ
)LJ  ,W LQGLFDWHV WKDW WKH FUDFN LV SUHGLFWHG WR JURZ WR c PP DQG a PP E\ $SULO  7KH
DFFXPXODWLRQRIFUHHSGDPDJHGXULQJWKHVDPHSHULRGRI WLPHDVVKRZQLQ)LJ LQGLFDWHV WKDW WKHUHLVDGHTXDWH
PDUJLQDJDLQVWFUHHSUXSWXUH7KHSDUDPHWHUVKUDQGLURI$SULODUH OLVWHG LQ7DEOHDQG WKHFRUUHVSRQGLQJ
DVVHVVPHQWSRLQWLVGHSLFWHGLQ)LJ&OHDUO\LWLVGHPRQVWUDWHGWKDWWKHUHLVVDWLVIDFWRU\PDUJLQDJDLQVWIDVWIUDFWXUH
E\$SULO
7KHUHIRUHUHVXOWVREWDLQHGE\XVLQJWKHSURFHGXUHRI$QQH[8RI%6LQGLFDWHWKDWWKHHOERZZLOOEH
VDIHWRRSHUDWHWLOO$SULOWHQ\HDUVDIWHUWKHFUDFNZDVGLVFRYHUHGZLWKRXWWKHULVNRIIDLOXUHE\IDVWIUDFWXUHRU
FUHHSUXSWXUH 

  
 )LJ&UHHSFUDFNJURZWKIRUSHULRGIURP0DUFKWR$SULO )LJ&UHHSGDPDJHIRUSHULRGIURP0DUFKWR$SULO
$VVHVVPHQWSURFHGXUHEDVHGRQWKHFRQFHSWRI7')$'
7KHSURFHGXUHRISHUIRUPLQJGHIHFWDVVHVVPHQWDWKLJKWHPSHUDWXUHXVHGLQ%6LVUHTXLUHGWRFDOFXODWH C 
7KH VWHDG\ VWDWH FUHHS FKDUDFWHUL]LQJ SDUDPHWHU C  LV DQDORJRXV WR WKH FKDUDFWHUL]LQJ SDUDPHWHU J IRU
HODVWLFSODVWLFIUDFWXUHDWORZWHPSHUDWXUH%DVHGRQWKHPHWKRGRIWKHVLPSOLILHG5SURFHGXUH>@HVWDEOLVKHGZLWK
WKH FRQFHSW RI IDLOXUH DVVHVVPHQW GLDJUDP ZLWKRXW WKH FDOFXODWLRQ RI J WKH LGHD RI XVLQJ WKH VLPLODU 5W\SH
DSSURDFK IRU DVVHVVLQJ GHIHFWV DW KLJK WHPSHUDWXUH DYRLGLQJ WKH FDOFXODWLRQRI C  KDV EHHQ SURSRVHG >@7KH
VLPSOLILHG5DSSURDFKDSSOLFDEOHWRORZWHPSHUDWXUHZDVSURYHQLQUHIHUHQFH>@WKDWWKHYDULRXVLQSXWSDUDPHWHUV
FDQ EH PRGLILHG WR HQVXUH D VXLWDEOH DSSOLFDWLRQ RI D VLPLODU DSSURDFK DW KLJK WHPSHUDWXUH $ SURFHGXUH ZDV
SURSRVHG LQ UHIHUHQFHV > @ WR DSSO\ IDLOXUH DVVHVVPHQW GLDJUDP DSSURDFK WR GHIHFW DVVHVVPHQW DW KLJK
WHPSHUDWXUH6RPHLVVXHVUHODWLQJ WR WKHDSSOLFDWLRQRI WKHPHWKRGZHUHDOVRGLVFXVVHG LQ WKHUHIHUHQFHV>@
7KHDVVHVVPHQWSURFHGXUHLVSUHVHQWHGDVWKHIROORZLQJVWHSV
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6.1. Define service parameters 
7KHSHULRG WKDW WKHHOERZQHHG WREHRSHUDWHG LV IURP-DQXDU\WR$SULO LQRWKHUZRUGVK
7KHUHIRUHKZLOOEHVHWDVWKHDVVHVVPHQWWLPHLQWKHIROORZLQJVWHSV2WKHUSDUDPHWHUVVXFKDVWHPSHUDWXUH
DQGLQLWLDOFUDFNVL]HVDUHWKHVDPHDVWKRVHGHVFULEHGLQ6HFWLRQ
6.2. Specify the tolerable crack extension 
7KH WROHUDEOHFUDFN H[WHQVLRQ ǻ a  LV VHW DVPPEDVHGRQ WKHGLPHQVLRQVRI WKH HOERZDQG WKH LQLWLDO FUDFN
GHSWKRIPP ,W LV QRWHG WKDW WKH FKDQJH LQ FUDFN VL]HVZLOO KDYH D UHPDUNDEOH HIIHFW RQ WKH FDOFXODWLRQV LQ WKH
IROORZLQJVWHSV6RWKHUHODWHGFDOFXODWLRQVODWHUDUHEDVHGRQWKHFUDFNGHSWKRIPP 
6.3. Determine uniaxial creep data 
,VRFKURQRXV VWUHVV VWUDLQ GDWD DQG FUHHS UXSWXUH GDWD DUH UHTXLUHG IRU WKH WHPSHUDWXUH DQG DVVHVVPHQW WLPH RI
LQWHUHVW$WWKHWHPSHUDWXUHRI&DQGDVVHVVPHQWWLPHRIKWKHFUHHSVWUDLQFDQEHDGHTXDWHO\GHVFULEHG
E\WKHIROORZLQJHTXDWLRQ>@ 
    cİ ı
 u u                                                       
6LQFHSODVWLFVWUDLQLVQHJOLJLEOHDWORQJWHUPLVRFKURQRXVVWUHVVVWUDLQFXUYHLVEXLOWIURP(TE\DGGLWLRQRI
HODVWLFVWUDLQZLWKWKHHODVWLFPRGXOXV   03DE  u  DWWKHWHPSHUDWXUHRI&
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)URPWKHLVRFKURQRXVFXUYHWKHVWUHVVFRUUHVSRQGLQJWRLQHODVWLFVWUDLQ cı FRXOGEHGHILQHG)RUORQJ
WLPHLWLVVWUHVVWRSURGXFHFUHHSVWUDLQLQWKHDVVHVVPHQWWLPH6R cı  FDQEHGHILQHGDV03DIURP(T
7KHVWUHVVWRFDXVHFUHHSUXSWXUH rı IRUWKHDVVHVVPHQWWLPHDQGWHPSHUDWXUHRILQWHUHVWFDQEHREWDLQHGIURP
UHIHUHQFH>@DV03D
6.4. Define the failure assessment diagram 
7KHGHILQLWLRQRIWKHIDLOXUHDVVHVVPHQWGLDJUDPLVGULYHQIURPWKHRSWLRQIDLOXUHDVVHVVPHQWFXUYHLQ5>@
7KHHTXDWLRQVGHVFULELQJWKHDVVHVVPHQWOLQHDUHOLVWHGDVIROORZV 
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,Q(T  refİ  LV WKH WRWDO VWUDLQIURPWKHDYHUDJH LVRFKURQRXVVWUHVVVWUDLQFXUYHGHILQHGE\(T DW WKH
UHIHUHQFHVWUHVV cref rı L ı 
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$V rı  cı  DQGWKHLVRFKURQRXVFXUYHDUHDOOWLPHGHSHQGHQWWKHIDLOXUHDVVHVVPHQWFXUYHDQGWKHFXWRIIDUH
WLPHGHSHQGHQW7KHIDLOXUHDVVHVVPHQWGLDJUDPVRIKWRJHWKHUZLWKKKKKDUH
GHSLFWHGLQ)LJ


)LJ0DUJLQDJDLQVWFUHHSIUDFWXUHRI$SULOGHPRQVWUDWHGE\7')$'
6.5. Define the material toughness 
)RUWKHDVVHVVPHQWWLPHDQGWHPSHUDWXUHRILQWHUHVWWKHFUHHSWRXJKQHVVDWKLJKWHPSHUDWXUHFDQEHGHGXFHGE\
WKHIROORZLQJHTXDWLRQ>@

    >  ǻ  @t q qmac aK E B A t
      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
ZKHUH ǻ a  LV PP DV GHILQHG LQ 6HFWLRQ  DQG B' A q DUH PDWHULDO FRQVWDQWV 7KH SDUDPHWHU B' RI
&U0R9DVDSSUR[LPDWLRQWR&U0R9LVGHULYHGIURPUHIHUHQFH>@DV7KHSDUDPHWHUVADQGqRI
&U0R9DVDSSUR[LPDWLRQWR&U0R9DUHWDNHQIURPUHIHUHQFH>@DVDQGUHVSHFWLYHO\6RDWWKH
DVVHVVPHQWWLPHRIKWKHFUHHSWRXJKQHVVRI3FDQEHGULYHQIURP(TDV 03D PP  
6.6. Calculate Kr and Lr 
8VLQJWKHVDPHPHWKRGRI6HFWLRQDQG6HFWLRQWKHHODVWLFVWUHVVLQWHQVLW\IDFWRUDQGUHIHUHQFHVWUHVVDWWKH
GHHSHVWSRLQWWKHFUDFNGHSWKRIPPFDQEHREWDLQHGDV 03D PP  DQG03DUHVSHFWLYHO\
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6.7. Plot the point (Lr, Kr) on the TDFAD and assess the significance of the results 
7KHSRLQWLrKrREWDLQHGIURPWKHIRUPHUVWHSVLVSORWWHGRQWKHWLPHGHSHQGHQWIDLOXUHDVVHVVPHQWGLDJUDPDV
VKRZQ LQ)LJ7KH IDFW WKDW WKH DVVHVVPHQWSRLQW OLHVZLWKLQ WKH IDLOXUH DVVHVVPHQW FXUYH LQGLFDWHV WKDW FUDFN
H[WHQVLRQ LQGHSWK LV OHVV WKDQPPDQG WKXVFUHHSUXSWXUH LVDYRLGHGZLWKLQ WKHDVVHVVPHQW WLPH7KHUHIRUH WKH
FRPSRQHQWFDQEHVDIHO\RSHUDWHGWLOO$SULOZLWKRXWWKHULVNRIFUHHSUXSWXUH
,W LV REYLRXV WKDW WKH DVVHVVPHQW SRLQW RI 0DUFK  LV IDUWKHU IURP WKH DVVHVVPHQW FXUYH LQ )$' )LJ
FRPSDUHGZLWKWKDWRIWKH7')$')LJZKLFKLQGLFDWHVWKDWWKHVDIHW\PDUJLQGHPRQVWUDWHGLQ)$'LVJUHDWHU
WKDQ WKDW RI WKH 7')$' 7KHUH DUH WKUHH IDFWRUV EHLQJ UHVSRQVLEOH IRU WKLV GLVFUHSDQF\  7KH VDIHW\ UHJLRQ
QDUURZVZLWKWKHLQFUHDVHRIDVVHVVPHQWWLPHDVVKRZQLQ)LJZKLOHWKHVDIHW\UHJLRQLQ)$'LVLQGHSHQGHQWRI
WKHDVVHVVPHQWWLPH7KHWLPHGHSHQGHQWVWUHVVFRUUHVSRQGLQJWRLQHODVWLFVWUDLQ 
cı XVHGLQ7')$'LVOHVV
WKDQ RQHWKLUG RI WKH \LHOG VWUHQJWK Yı XVHG LQ )$'  7KH FUHHS WRXJKQHVV XVHG LQ 7')$' DV D GHFUHDVLQJ
IXQFWLRQRIWKHDVVHVVPHQWWLPHDVLQGLFDWHGLQ(TLVQHDUO\RQHILIWKRIWKHIUDFWXUHWRXJKQHVVXVHGLQ)$',Q
FRQFOXVLRQ WKH 7')$' PHWKRG ZKLFK FRQVLGHUV WKH GHWHULRUDWLRQ RI PDWHULDOV DW HOHYDWHG WHPSHUDWXUHV ZLOO
SURYLGHDPRUHFRQVHUYDWLYHDVVHVVPHQWSURYLGHGWKDWDSSURSULDWHPDWHULDOVSURSHUWLHVDUHDYDLODEOH
&RQFOXVLRQV 
7KH SURFHGXUH RI %6 DQG D VLPSOLILHG 7')$' PHWKRG DUH SHUIRUPHG WR DVVHVV GHIHFW ZLWKLQ HOERZ
RSHUDWLQJLQFUHHSUDQJH7KHPDLQFRQFOXVLRQVDUHGHVFULEHGDVIROORZV
 7KH PRGHOLQJ RI WKH VXUIDFH VHPLHOOLSWLFDO FUDFN JHQHUDWHG E\ =(1&5$&. FDQ SURYLGH DQ HIIHFWLYH
FDOFXODWLRQ RI 6,)V ZKLFK DUH FULWLFDO WR FDOFXODWH WKH SDUDPHWHU Kr DQG FUHHS FUDFN SURSDJDWLRQ UDWH DV WKH
GLVFUHSDQF\RIWKH IK GHULYHGIURP)(0DQG5DMX1HZPDQVROXWLRQVLVRQO\DWWKHGHHSHVWSRLQW
%RWKRIWKHWZRPHWKRGVGHPRQVWUDWHWKDWWKHHOERZZLWKWKHSDUWLFXODUFUDFNGHIHFWFDQEHVDIHO\RSHUDWHGIRU
DQRWKHUWHQ\HDUVDIWHUWKHFUDFNEHLQJGLVFRYHUHGZLWKRXWWKHULVNRIFUHHSUXSWXUHRUIDVWIUDFWXUH 
$OWKRXJKVLPLODUUHVXOWVDUHREWDLQHGIURPWKHWZRPHWKRGVGLIIHUHQWVDIHW\PDUJLQVFDQEHREWDLQHGE\XVLQJ
)$'DQG7')$',WFDQEHIRXQGWKDWWKH7')$'FDQSURYLGHDPRUHFRQVHUYDWLYHDQGUHDVRQDEOHDVVHVVPHQW
$FNQRZOHGJHPHQWV
6XSSRUWIURP1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD1R)XQGDPHQWDO5HVHDUFK)XQGVIRU
WKH&HQWUDO8QLYHUVLWLHV1R$DQG6FLHQFH	7HFKQRORJ\3URJUDPRI&KLQD6RXWKHUQ3RZHU*ULG
1R .*' LV JUHDWO\ DFNQRZOHGJHG -) DOVR ZLVKHV WR WKDQN WKH ILQDQFLDO VXSSRUW SURYLGHG E\ .H\
/DERUDWRU\RI(IILFLHQW	&OHDQ(QHUJ\8WLOL]DWLRQ(GXFDWLRQ'HSDUWPHQWRI+XQDQ3URYLQFH1R1*4
DQG 6KDQJKDL 6DLOLQJ 3URJUDP 1R <) 7KH DXWKRUV DUH JUDWHIXO WR 3URI 6KDQ7XQJ 7X DQG 3URI
)X=KHQ;XDQIURP(&867IRUWKHLUKHOSIXODGYLFHDQGSURIHVVLRQDOVXSHUYLVLRQ
5HIHUHQFHV
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
>@ 59LVZDQDWKDQ - )RXOGV 6HUYLFH H[SHULHQFH VWUXFWXUDO LQWHJULW\ VHYHUH DFFLGHQWV DQG HURVLRQ LQ QXFOHDU DQG IRVVLO SODQWV $60(
3UHVVXUH9HVVHODQG3LSLQJ±
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-RXUQDORI3UHVVXUH9HVVHOVDQG3LSLQJ±
>@  5)6RX]D&5XJJLHUL)UDFWXUHDVVHVVPHQWVRIFODGSLSHJLUWKZHOGVLQFRUSRUDWLQJLPSURYHGFUDFNGULYLQJIRUFHVROXWLRQV(QJLQHHULQJ
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GRLMHQJIUDFPHFK
>@  5 3HDFHD+& )XUWDGRE , /0D\5HPDLQLQJ OLIH DVVHVVPHQW RIZHOGHG SLSHV FRQWDLQLQJ FUDFNV ,QWHUQDWLRQDO -RXUQDO RI 3UHVVXUH
9HVVHOVDQG3LSLQJ±
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